1. The effects of adrenalectomy on the adenylate cyclase-adenosine 3' :5' -cyclic monophos phate (cyclic AMP) system of rat renal medulla were examined to evaluate the mechanism of the impaired water diuresis in glucocorticoid deficiency.
Introduction
Although the exact mechanisms underlying the impaired free water excretion in adrenal in sufficiency remain unknown, this defect may arise either from failure of the collecting ducts to become impermeable to water (Kleeman, Czaczkes & Cutler, 1964) or from incomplete suppression of secretion of antidiuretic hormone during water loading (Dingman & Despointes, 1964) . Green, Harrington & Valtin (1970) showed that defective water excretion occurs in adrenalectomized rats with congenital diabetes insipidus, which supports the notion that complete impermeability of the collecting tubules to water could not be achieved without glucocorticoids.
Adenosine 3':5'-cyclic monophosphate (cyclic AMP) initiates a series of intracellular responses leading to an increased permeability of the luminal membrane of the renal tubule to water, and action of antidiuretic hormone depends upon stimulation of adenylate cyclase (EC 4.6.1.1) and the generation of cyclic AMP (Dousa & Valtin, 1976) . Lang & Edelman (1971) found that adrenalectomy had no effect on the renal adenylate cyclase activity in rat renal cortex and medulla, but Rajerison, Marchetti, Roy, Bockaert & Jard (1974) showed renal medullary adenylate cyclase activity to be decreased in adrenalectomized rats. The cellular amounts of cyclic AMP are regulated not only by the activity of adenylate cyclase, but also by cyclic AMP phosphodiesterase (EC 3.1.4.17) . We have therefore determined cyclic AMP concentrations in intact renal medullary tubules in adrenal in sufficiency, to see if they can explain the mechan ism of impaired water excretion in adrenal in sufficiency.
Methods
Male Wistar rats, weighing 150-200 g, were adrenalectomized under light ether anaesthesia through a dorsal, midline skin incision. The rats were maintained on NaCl solution (9 g/1) and tap water as drinking fluid and were fed with Purina chow for 7-14 days until they were killed. Some adrenalectomized rats received daily subcutaneous injections of dexamethasone (200 //g/kg body weight) for 4 days before being killed by decapitation, and isolated medullary tubules were prepared by collagenase digestion (Kurokawa & Massry, 1973) . In each experiment, isolated tubules were prepared from two or three rats of each group and then incubated in triplicate. Incubation of proteins of tubules, containing 150-400 μ% of protein, was carried out at 37°C for 10 min in 200 μ\ of Krebs-Ringer-Tris buffer, pH 7-4, containing bovine serum albumin (20 g/1), glucose (1 g/1) and theophylline (10 mmol/1); antidiuretic hormone (Pitressin, Parke, Davis and Co.) or water was then added in a volume of 10 ,ul to the incubation mixture; incubations were continued for an additional 3 min and then stopped by adding 400 μΐ of trichloroacetic acid (100 g/1). These incubation mixtures were then extracted three times with ether saturated with water, and assayed for cyclic AMP by competitive binding protein assay (Gilman, 1970) . Similar experiments were also carried out without theophylline, the incubation being stopped at 1 min after the addition of antidiuretic hormone or water.
In separate experiments, cyclic AMP contents in the incubation medium and in the cell were measured separately. The incubation mixture con taining tubules was rapidly centrifuged for 30 s at 1000 g at the end of incubation; an appropriate volume of trichloroacetic acid (100 g/1) was added to a portion of supernate and to the remaining incubation mixture (medium plus cells) and both were assayed for cyclic AMP. Intracellular cyclic AMP content was calculated as the difference between the cyclic AMP in the cells plus medium and that in the medium alone. In three experiments, dexamethasone (10 mg/1) was added during digestion of medullary tissue from adrenalec tomized rats, these tubules being under the effect of this hormone for at least 60 min.
Adenylate cyclase activity was measured in the 2200 g particulate fraction of the washed medullary homogenate (Kurokawa, Friedler & Massry, 1975) . The enzyme activity was expressed as pmol of cyclic AMP produced min -1 mg -1 of protein above values obtained in appropriate blank incubations. The activity of cyclic AMP phosphodiesterase was determined by the method of Thompson & Appleman (1971) , as modified by Boudreau & Drummond (1975) . The 20 000 g supernatant of the sonicated renal medullary homogenate was incubated in 0-4 ml of buffer consisting of Tris-HC1, pH 7-5 (10 mml/1), MgCl 2 (1 mmol/1), cyclic [Ή1ΑΜΡ (approximately 200 000 c.p.m., Schwarz-Mann, Orangeburg, N.Y.) with cyclic AMP (1 mmol/1), high K m enzyme, or cyclic AMP (10~7 mol/1), low K m enzyme. After 10 min of incubation at 30°C, the reaction was stopped by placing the incubation tube in a boiling-water bath for 3 min. The second incubation was initiated by the addition of 0· 1 mg of snake venom {Crotalus atrox, Sigma Chemical Co., St Louis, MO, U.S.A.) in 100 μ\ and maintained for 10 min at 30°C. The reaction was terminated by adding 1-0 ml of 1:3 slurry ion-exchange resin (AG 1-X2, BioRad Laboratories, Richmond, CA, U.S.A.) suspended in acetic acid (2 mmol/1). A portion of supernatant was counted for [ 3 H]adenosine with appropriate correction for quenching, enzyme activity being expressed as pmol of cyclic AMP hydrolysed min -1 mg -1 of protein, after subtracting values for the blank, which was incubated in parallel without an enzyme preparation. In both enzyme assays, the linearity of reaction in terms of time of incubation and the enzyme protein concentrations were pre determined. Protein was measured by the method of Lowry, Rosebrough, Farr & Randall (1951) .
The protein content per unit wet weight of renal medulla was determined both in normal and adrenalectomized rats. Slices of renal medulla were incubated at 37°C for 30 min in Krebs-RingerTris buffer, pH 7-4, with [ ,4 C]inulin (New England Nuclear Corp., Boston, MA, U.S.A.). After in cubation, slices were blotted dry on filter paper, weighed and homogenized in 1-0 ml of sodium deoxycholate solution (5 g/1). The extracellular space of the medullary slice was measured by 
Results
Concentrations of cyclic AMP in medullary tubules (medium plus cells or cells alone) of adrenalectomized rats were significantly higher than those of control rats both in the absence and presence of a submaximal dose of antidiuretic hormone (3-3 units/1) ( Table 1 and Table 2 ). Thus it is likely that changes in cyclic AMP con- Antidiuretic hormone (munits/ml) P < 0 0 5 < 0 0 1 <01 < 0 0 5 FIG. 1. Dose-response relationship between concentration of antidiuretic hormone in the incubation medium and cAMP concentrations of isolated medullary tubules from adrenalec tomized (O) and control ( · ) rats. Mean ± SD of triplicate incubations. P values indicate the significance of the differences between cyclic AMP concentrations of tubules from adrenalec tomized and normal rats.
centrations measured in medium together with the cells will reflect those in tubule cells. A doseresponse curve showed that for any given amount of antidiuretic hormone, cyclic AMP in medullary tissue was higher in adrenalectomized rats than in control rats (Fig. 1 ). These differences in cyclic AMP between normal and adrenalectomized rats were abolished by treatment of the latter with dexamethasone (Table 3 ). In contrast, the addition of dexamethasone in vitro to tubules from ad renalectomized rats was without effect on con centrations of cyclic AMP (data not shown). Tubular cyclic AMP values were much lower when tubules were incubated without theophylline than those for tubules with theophylline (Table 1 and  Table 4 ). Furthermore, there was little stimulatory effect of antidiuretic hormone on tubular cyclic AMP concentrations. Similar observations have been made in renal cortical tubules, when effects of catecholamines, calcitonin or cholera toxin on tubular cyclic AMP were measured in the absence of theophylline; there were only minimal and transient increases in cyclic AMP without these inhibitors of cyclic AMP phosphodiesterase (Kurokawa, Nagata, Sasaki & Nakane, 1974; Kurokawa et al., 1975; Kurokawa, Lenchner & Massry, 1977) . Even without theophylline, basal concentrations of cyclic AMP in medullary tubules from adrenalectomized rats were significantly (P < 0-05) higher than those from control animals in two out of three experiments. There was no significant difference in the activities of adenylate cyclase and of both high and low K m cyclic AMP phosphodiesterase of the renal medulla of control and adrenalectomized rats (data not shown). The protein content of the renal medulla of control rats was 8·24 ± 0-67 (n = 8), and 8·54 ± 0-57 (n = 8) mg/100 mg wet weight in adrenalectomized rats, and these values were not significantly different.
Discussion
We have shown that concentrations of cyclic AMP in renal medulla are significantly higher in ad renalectomized than in control rats, both with and without antidiuretic hormone. Differences in tubular cyclic AMP in normal and adrenalec tomized rats were abolished by prior treatment of the latter with dexamethasone. Also, differences in cyclic AMP could not be attributed to variation in the protein content of the renal medulla between normal and adrenalectomized rats as the protein contents per 100 mg wet weight of tissue were not different. The lack of effect of addition of dexa methasone in vitro on cyclic AMP of medullary tubules obtained from adrenalectomized rats may be due to the relatively short duration (60 min) of treatment.
Without theophylline there was only minimal stimulation of medullary tubular cyclic AMP by antidiuretic hormone in both normal and ad renalectomized rats. This does not exclude the possible role of cyclic AMP as an intracellular mediator of antidiuretic hormone action, as only small increments in cyclic AMP may be sufficient to induce physiological cellular responses (Kuo & DeRenzo, 1969; Nagata, Sasaki, Kimura & Nakane, 1975) . It is of interest, however, that concentrations of cyclic AMP in medullary tubules from adrenalectomized rats were higher than those from normal rats even without theophylline (Table 4 ). The maximal concentration of anti diuretic hormone required to induce a biological effect on water permeability causes only minimal stimulation of adenylate cyclase of collecting tubules (Imbert, Chabardes, Montegut, Clique & Morel, 1975) . Thus, to demonstrate clear stimulation of the medullary adenylate cyclasecyclic AMP system, a much higher concentration of antidiuretic hormone ADH is necessary, 10-100-fold higher than the concentration to induce maximal water permeability of the collecting tubules (Grantham & Orloff, 1968; Kurokawa & Massry, 1973; Rajerison et al., 1974; Imbert et al., 1975) . We have therefore used much higher doses of antidiuretic hormone than those observed physiologically.
It is well established that antidiuretic hormone increases the permeability of the collecting tubules of the mammalian kidney to water, and this action of antidiuretic hormone is mediated by cyclic AMP (Dousa & Valtin, 1976) . The higher concentrations of cyclic AMP in the renal medullary tubules of adrenalectomized rats that we have found may render these tubules more permeable to water both with and without antidiuretic hormone. These findings may underlie the impaired ability to excrete free water in glucocorticoid deficiency, and are consistent with the notion that the abnormality in water excretion is due to the failure of the collecting tubules to become maximally imperme able to water in the absence of glucocorticoids.
We do not know why the cyclic AMP con centration in medullary tubules from adrenalectomized rats was higher than in tubules from control rats. The activities of adenylate cyclase and cyclic AMP phosphodiesterase, two major en zymes responsible for cellular amounts of cyclic AMP, assayed in vitro were not affected by adrenalectomy. However, this does not necessarily rule out an effects of glucocorticoid deficiency on the activities of these enzymes in intact cells, where both adenylate cyclase and cyclic AMP phosphodi esterase activities could be modified by a variety of factors.
